Abstract Electrical characteristics of a nozzle-attached meso-scale premixed methane-air flame under low-frequency AC (0-4300 V, 0-500 Hz) and DC (0-3300 V) electric fields were studied. I-V curves were measured under different experimental conditions to estimate the magnitude of the total current 10 0 -10 2 µA, the electron density 10 15 -10 16 m −3 and further the power dissipation ≤ 0.7 W in the reaction zone. At the same time, the meso-scale premixed flame conductivity 10 −4 -10
Introduction
In recent years, there has been an increasing demand for high energy density power units to keep portable devices running for a longer time. By using a micro combustion engine, portable devices can run continuously for extended periods [1, 2] . In contrast to the large-scale combustion, micro-combustion faces many challenges, in particular, how to sustain the flame in a micro-combustor of a size in millimeters or even below [3] . The ratio of heat loss to heat generation is inversely proportional to the characteristic length of a combustor. So, the small-scale combustor has a larger proportion of heat loss from the flame zone, which may possibly lead to thermal quenching. On the other hand, the destruction of energetic particles generated during the combustion also affects the thermal quenching and the flame stability [4] . AC/DC electric fields are therefore examined to accelerate the production of active particles and to enhance the combustion efficiency and stabilization of a meso-scale premixed methane-air flame in this paper.
The combustion enhanced by applying electric fields or plasmas has been extensively studied, with a view to improving flame stabilization, burning rate, emission reduction, etc. The mechanism of flame-electric field interaction was well explained by the existence of ionic wind proposed by Guenault and Wheeler in 1931 (as cited by Bowser and Weinberg [5, 6] ). Since then dozens of empirical observations and phenomenological models have been studied, with a focus on the effect of AC/DC electric fields on flame stabilization and high efficiency [7−12] . Subsequent to the theoretical descriptions of the flame stability [13, 14] , further experimental investigation [15, 16] confirmed that electric fields extended the stabilization regime. Those studies mentioned above can be summarized as follows: (1) flame stabilization, burning rate and emission reduction may be greatly influenced by ionic wind due to the interaction between electric fields and ions in flames; (2) the effect of the electric field on the oxidation reaction via the activation of species can be attributed to thermal diffusion, dissociation and recombination of ions, electron-neutral collision and directional movement between electrodes, which may accelerate the production of active particles (O, H, OH, etc.) and thus enhance combustion stability [5−19] . It is clear that active radicals, excited species, ions/electrons and other intermediate species would be simultaneously generated during the combustion process under AC/DC [20] . As a result of the exponential increase in the charged particle population, the electric characteristics of a meso-scale flame under AC/DC electrical fields would be significantly enhanced, which has never been discussed in the literature. It is therefore necessary to investigate the measured effects of AC/DC electric fields on a meso-scale flame, and the density of the charged particles to be extended.
The present work aims at the characterization of the electric properties of a mesoscale premixed CH 4 -air flame under low-frequency AC and DC electric fields. An electrical-heating wire is installed around the outer wall of the meso-scale burner to sustain the nozzleattached flame and the Joule heat of the electricalheating wire into the flame is analyzed. Meso-scale flame conductivity and I-V curves as a function of the applied voltages and frequencies are measured to estimate the generation and movement of charged particles in a meso-scale flame. Accordingly, the electron density and the dissipation power are calculated at the same time to testify the physical nature of the meso-scale combustion enhancement under the action of electric fields. Furthermore, the effect of the collision sheath and contamination layer of an active electrode on measurements is discussed in detail.
Experimental methods
The meso-scale premixed combustion experimental system under DC and low-frequency AC fields is schematically shown in Fig. 1(a) and the electrode position is shown in Fig. 1(b) . The fuel methane is stored in a fuel tank at a pressure of 6 MPa. Methane as well as air pressure is reduced to 1 atm after the pressure-relief valves (YQQ-352) work. The flow rates of the methane fuel and air are controlled by two mass flow controllers, calibrated with a wet-test gas meter. An AC/DC power supply is used in this experiment. The AC applied voltages vary up to 4300 V, and the frequency is controlled within the range of 0-500 Hz by using a function generator to ensure the voltage pattern is sinusoidal. The voltage and current profiles are monitored by an oscilloscope (JC1102TA). Additionally, the DC voltages are applied to gauge the AC frequency distribution to the electric field-to-flame coupling.
The meso-scale burner is made of a quartz glass pipe with I.D. 4 mm and O.D. 5 mm. The burner length is 10 cm to ensure a fully developed combusting flow and a stabilized flame within the pipe. An electrical-heating wire is installed around the outer wall of the meso-scale burner to sustain a stable flame, with a resistance of 50 Ω and an applied voltage range of 0-250 V.
There are various ways to apply an electric field to a combustion flame [14, 16] . One of the practical methods is to apply a voltage probe to the needle electrode, 10 mm above the nozzle, while the other terminal is connected to the burner base made of stainless steel (as shown in Fig. 1(a) ). To minimize the probe's interference with the flame, the needle electrode is made of a 1-mm-diameter tungsten wire housed in a 1-mminnerdiameter aluminum oxide tube. The length of the wire protruding through the end of the insulating housing exposed to the combustion flame is 1 mm. In addition, the electrode to the burner base is grounded while DC voltages are applied.
A 5×10
5 Ω resistor is used to divide the flame voltage, across which the oscilloscope is connected. I-V curves of the combustion flames under AC/DC electric fields are obtained indirectly by measuring the electric parameters of the divider resistor. The behaviors of the flames are monitored with a digital camera. As we know, it is difficult for a micro-combustion to sustain flames with the size decreased to a millimeter or even sub-millimeter scale. In order to get stable flames, an electrical-heating wire made of stainless steel was installed around the outer wall of the meso-scale burner, with resistance of 50 Ω and an applied voltage range of 0-250 V. The two ends of the heating wire twining around the meso-scale burner are connected to the voltage transformer, which provided high and low voltages for ignition and heating respectively, as shown in Fig. 1 .
The effect of the external heat on the lifted flame stabilization is shown in Fig. 2 . Flame behavior without AC/DC electric fields is exhibited here. From the beginning, the CH 4 flow rate and air flow rate are set at 100 mL/min and 800 mL/min respectively. For all the data reported here, the range of equivalence ratio used during this study is near 1. As shown in Fig. 2 , the lifted flame propagates toward the nozzle gradually after increasing the external heat and finally stabilizes somewhere inside the pipe. With the external heat input increased, the premixed mixture temperature rises, resulting in a rapid increase in the chemical reaction rate. Meanwhile, the marked color change of the flame front from wathet blue to red in Fig. 2 (a)-(f) is a sign of flame temperature change and the electronic transitions between different energy levels. In addition, while the CH 4 and air flow rates decrease to 38 mL/min and 332 mL/min (i.e., the flow rate from 1.2 m/s to 49 cm/s) respectively, and the external heat input is fixed at 2 W, the lifted flame in Fig A mass flow controller is used to control the gas flow mass q m during the experiment, q m = ρAu f = constant, where ρ is the gas density, A the cross-section of the burner and u f the premixed mixture velocity. It is therefore clear that the premixed mixture velocity can be treated as a constant because of the lower dependence of the gas density on the mixture temperature. Furthermore, the flame propagation speed is equal to the normal velocity of the flame front while the premixed mixture keeps stationary, S L = u n , and the flame propagation speed S L in Fig. 2(b) goes up rapidly due to the premixed mixture temperature T 0 increase. So, the flame front in Fig. 2(b) moves towards the nozzle and finally stays at the point shown in Fig. 2(c) . The voltage probe disturbs and cools the flame flow field somewhat, especially near the surface of the inner cone [21, 22] . Nevertheless, the general features of a meso-scale premixed flame under the low-frequency AC and DC electric fields are observed and recorded. In order to ensure the accuracy of measurements, CH 4 and air flow rates are adjusted to 38 mL/min and 332 mL/min respectively to obtain a stable nozzle attached flame, with the external heat input of 2 W, as shown in Fig. 2(g) .
The most straightforward way to validate an effective coupling of the electric field to the flame is to obtain I-V measurements of the flame and estimate the particle number density under different experimental conditions [16] . Fig. 3 (a) and 3(b) show how the circuit current varies with the frequencies and the applied voltages. Noticeable flame front geometry modifications are observed under DC and lower-frequency AC, indicating that ionic wind plays a significant role in the reaction zone perturbations [6, 16] . In order to characterize the electrical aspects of the reaction zone of a meso-scale flame, a needle electrode is fixed near the inner cone of an attached-nozzle flame and 10 mm away from the burner's base throughout the experiment. The electric field spreading into the burner is formed between the nozzle electrode and the burner case, which is much more complicated due to the effect of ions and electrons in the flame zone, as shown in Fig. 1 . Current measurements are greatly improved by the continuous sweeping and averaging of testing values. As shown in Fig. 3 (a) and 3(b), the circuit current I increases with the increased applied voltage U , while the frequency is fixed or equal to zero. It is well known that the potential difference ∆U and subsequent electric field E attract the negative particles toward the anode while the cathode pulls the positive ions. As the voltage increases, more ions and electrons are generated due to much more collisions and energy transfer between electrons and neutral gas atoms. The charged particle number density and the circuit current therefore increased, which can be described by the relation I ∼ E 2 ∼ ∆U 2 [23] . Meanwhile, the circuit current in Fig. 3(a) increases with the increased frequency when the applied voltage is fixed. Simultaneously, it is observed that the circuit current pattern remains sinusoidal according to the power output, indicating the key role of ionic wind in the flame propagation and combustion enhancement. Additionally, flame flickering accompanied by a big noise and a quick jump in the circuit current measurements are observed as the applied voltage U increases to about 1350 V (point A in Fig. 3(b) ). This is supposed to be the result of the point discharge marked by an electric spark around the needle electrode, where the electric field stresses the combusting gases beyond its dielectric limit into a stage of electrical breakdown. After point A in Fig. 3(b) , the current reaches saturation and is limited by the rate of ionization within the flame, that is, all charged species generated by combustion are removed by the field via the electrodes while supposing the balance of ion generation and combination. Furthermore, the quick jump in the circuit current measurements produces the sudden change of the mixture velocity u and pressure p somewhere in the combusting flow, which is supposed to be driven by the ionic wind, that is, The current density of ions and electrons can be expressed as J i = n i ev i , J e = n e ev e , where J is current density, A/m 2 ; n is number density, /m 3 ; v is migration velocity, m/s; i and e subscripts denote ions and electrons, respectively. The ratio of electron to ion flux is proportional to the velocity ratio and the square root of the mass ratio,
, where m is mass, kg. So, we consider the sheath electrons and the secondary electrons attacked by energetic particles as the circuit current density carrier [24] . By approximating the electron density gradient as zero in the reaction zone, ∇n e = 0, the electron drift velocity u e is characterized as u e = µ e E, where µ e is the electron mobility. For the low reduced electric field (E/n <87.8 Td) in this study, the electron temperature T e can be approximated as gas temperature (0.3 eV) and the electron mobility µ e can be treated as 0.4 m 2 /(V·s) in the reaction zone of an atmospheric premixed methane/air flame [25] . To simplify the calculation process, a uniform field is supposed between the needle electrode and the burner case, E ∼ U d V/m. Assuming dynamic equilibrium between generation rates and recombination rates of charged particles, current measurements are used to evaluate the electron density n e and furthermore to decide the flame conductivity σ flame in the reaction zone of a meso-scale flame (as shown in Fig. 5) .
The flame electron density n e and the flame conductivity σ flame as functions of the applied voltages and frequencies under low-frequency AC and DC electric fields are shown in Figs. 4 and 5 respectively. It is seen that the flame electron density and the flame conductivity tend to change in the same way, i.e. increasing first and then decreasing with the AC applied voltage increment. Their minimum values appear near the applied voltage of 1000 V while the frequency value is fixed during the experimental process. Further deduction of the relations J x = −en 0 u e , u e = µ e E, µ e = Effect of power dissipation on the flame propagation speed will be discussed first [23] . The dissipation energy absorbed by a flame under an electric field can be expressed as ψ = U I. It is clear that the dissipation energy increases with the increased applied voltage and frequency and the maximal value of dissipation energy is less than 0.7 W under AC (0-500 Hz, 0-4300 V), as shown in Fig. 6(a) . Obviously, the combustion heat of CH 4 (80 W) far exceeds the dissipation energy absorbed by the flame in this experiment. The effect of the dissipation energy generated by the AC electric field on the flame propagation speed is therefore the same as the action of the external heat input using the electricalheating wire. Several Kelvin temperature changes in the flame due to the dissipation energy lead to the flame moving to the nozzle slightly. The dissipation energy under a DC electric field (0-3500 V) is calculated and the maximal value under experimental conditions is less than 0.3 W, as shown in Fig. 6(b) . Secondly, the effect of the electric field on the oxidation reaction also has a significant effect on the flame propagation speed, which makes the flame front move to the nozzle. Thirdly, the effect of ionic wind on the flame propagation speed is also significant.
Sheath and contamination layer be-
havior of an active electrode in a meso-scale flame
As shown in Fig. 1 , AC/DC voltages are applied to the electrodes. Furthermore, the electric fields can be assumed to be formed between the needle electrode and the burner case. The intensity of the electric field is proportional to the applied voltage on the electrodes. Actual electric fields are much more complex due to ions and electrons in the flame zone, especially during the sheath formation process [22, 24, 26] . The electrodes attract the same amount of particles oppositely charged in a quasi-electrically neutral flame (n i ≈ n e ), which in turn prevents the flame from maintaining electrical neutrality. A strong electric field between electrodes is formed in sheaths, being several Debye lengths away from electrodes surfaces. A Debye length can be described as λ D = ( The sheath length λ e in a meso-scale flame in this study can therefore be estimated to be less than a millimeter order of magnitude, which will be again proved by the following simulation analysis. Also, the sheath length in a flame depends not only on the Debye length, but also on the mean free path of the electron-neutral collision and bias voltage on the electrode.
Simulation analysis is employed to investigate the sheath behavior in a meso-scale flame under the DC electric field. Exemplified by the DC voltage on the cathode electrode, the potential distribution affected by ions and electrons in the flame zone is obtained, by solving a set of conservation equations for electron density, electron energy density, energy and Boltzmann equation on the COMSOL MULTPHISICS platform. As shown in Fig. 7 , the potential decreased greatly and suddenly within the range of 0-0.5 mm from the cathode electrode, indicating the sheath length is within 0.5 mm. From the simulation prediction as well as the Debye length theory-based analysis, it is clear that the collision effect in a sheath on the current collection cannot be ignored. Nevertheless, experimental errors of the measurements in section 3.2 cannot be quantitatively analyzed because universal theories to predict the collision process among particles in a sheath are lacking. Fig.7 The potential distribution near the electrode sheath by simulation prediction Generally, the effect of particle collisions on current collection can be summarized as follows [27] . (1) Collisions among particles in a sheath at atmospheric pressure and high temperature prevent charged particles moving directly to electrodes and further make them migrate to electrodes mainly by thermal diffusion. The combination of electron and positive ion during the collisions also leads to the current decreasing. (2) The secondary electron emission from electrode surfaces reduces the ion-current significantly. (3) Energetic particle attacks make sheaths unstable, even broken, which reduces the electron-current too. (4) Oxidation reaction on electrodes surface may lead to a slight current reduction.
In addition, a surface contamination layer model for an active electrode in a plasma flame is illustrated in Fig. 8 . The mechanism for the contamination layer formation is not always identified. However, it is sure that the contamination mainly comes from the deposition of sputtered material in the system or from the absorption of gases and vapors in the flame itself [28] . If these species are nonconductive, an insulating layer will be developed and furthermore prevent the charged particles flowing to the electrode surface. This contaminated layer can be represented by capacitance C c and leakage resistance R c as shown in Fig. 8 . R s and R f represent simple Ohmic approximations of sheath and flame impedances respectively. When a DC voltage V is applied to the electrode, charged particles will flow to the electrode's contaminated surface, charge up the capacitance C c and simultaneously alter the contaminated surface layer by bombardment, which will cause the current-voltage hysteresis (as shown in Fig. 8 ) and at the same time play an active role in cleaning the surface contamination. On the other hand, the active electrode being heated in the flame (103 K) also contributes to the removal of contamination. DC and AC measurements are therefore carried out alternately at an interval of a few minutes to improve the reliability of the I-V characteristics in this study. Of course, the periodic electrode cleaning procedure is limited because new contamination layers can develop immediately after the energetic particle bombardment or heating is ended. It is found that the surface contamination has a small impact on I-V measurements while applying this cleaning method. A scanning electron microscopy (SEM) method is used to characterize the electrode microstructure and to focus on the elements composition at the end of the experiment and then exposure to the air for 10 h, as shown in Fig. 9 and Table 1 . The sample preparation may significantly affect the information obtained from the SEM imaging process. The ultrasonic cleaning method is therefore utilized to preprocess the contamination on the sample surface from the environment and transport. Typical images obtained by SEM are presented in Fig. 9 . It is found that about 100 µm oxidecoating attaches to the test sample surface and looks yellowish while exposed to the air for 10 h. Peeling off the oxide-coating, the sample surface appears to have a relatively smaller roughness ( Fig. 9(a)-(b) ). Compared to the original sample ( Fig. 9(d) ), the material compactness of electrodes changes greatly especially when exposed to the air for several hours ( Fig. 9(a)-(c) ), and the metal construction is seriously destroyed. So, it can be concluded that the metal electrode surface oxidation is further amplified due to the energetic particle bombardment and the electromagnetic radiation from the high-temperature flame. A quantitative analysis of the SEM measurements is performed in this study. As shown in Table 1 , the oxide-coating on the electrode surface is mainly composed of W, O and C. However, the electrode surface covered with the oxide-coating does not contain a C element, indicating that the C element has migrated to the oxide-coating during the layer formation. In addition, the original sample is covered with thin oxides due to the long-time exposure to the air. It can therefore be concluded that rapid oxidation and carbonization of the tungsten electrode in a high temperature CH 4 flame have great effects on the electrode's working life and measurements reliability. However, the effect mechanism has not been discovered till now, which will be further studied next.
Conclusion
The electrical characteristics, electrode sheath and contamination layer behavior of a meso-scale premixed methane-air flame under low-frequency AC and DC electric fields have been investigated experimentally in this study. The total current density and flame conductivity of the combusting mixture gases under the action of electric fields were theoretically and experimentally analyzed to characterize the electrical aspects of a meso-scale flame. An electric-heating wire around the outer wall of the burner was installed to overcome the quenching and obtain a stable flame. I-V curves as functions of the applied voltages and frequencies in a meso-scale premixed methane-air flame were measured to estimate the magnitude of the electron currents 10 0 -10 2 µA and the electron density 10 15 -10 16 m −3 . Especially, the conductivity of a meso-scale premixed flame under low-frequency AC electric fields was estimated at 10 −4 -10 −3 Ω −1 · m −1 , which showed the complex dependence of the AC/DC combustion field on the electronneutral collision frequency. Based on the combination of simulation and theoretical analysis, the electrode sheath dimensions were evaluated. Finally, the surface contamination effect of an active electrode was analyzed using the SEM imaging method, and the SEM results showed the elements immigration during the contamination layer formation process.
